Abstract. Propagation of polymerization fronts with liquid monomer and liquid polymer is considered and the influence of vibrations on critical conditions of convective instability is studied. The model includes the heat equation, the equation for the concentration and the Navier-Stokes equations considered under the Boussinesq approximation. Linear stability analysis of the problem is fulfilled, and the convective instability boundary is found depending on the amplitude and on the frequency of vibrations.
Introduction
In this work we study the influence of vibrations on convective instability of reaction front in liquids, where both the reactant and the product are in the liquid phase. In the case where the monomer is liquid and the polymer is solid, the influence of vibrations was studied in [1] . Convective instability of polymerization fronts in the case when the reactant and the product are liquid without vibrations was studied in [3] . In order the study the influence of vibrations on the instability of a polymerization front, we impose a harmonic oscillation of frequency σ, and amplitude λ in the vertical direction upon the system containing the liquid monomer and liquid polymer. This oscillation causes a periodic acceleration, b, perpendicular to the liquid-liquid interface. The time dependence of the instantaneous acceleration acting on the fluids is then given by g + b(t), where b(t) = λsin(σ).
Governing Equations
We consider the effect of vibrations on propagation of polymerization fronts when both of reactant and product are liquids. Navier-Stokes equations are taken under the Boussinesq approximation. We consider the case where the propagation of the reaction front is at the opposite direction with respect to gravity. The process is described by the following dimensionless model:
3)
This system is considered in 3D space. It is supplemented with the following conditions:
We use the following notation:
Here θ = (T − T b )/q is the reduced temperature, α the depth of conversion, v = (v x , v y , v z ) the velocity of the medium, p the pressure, the parameter θ 0 is defined by θ 0 = (T b − T 0 )/q, T 0 is the mean value of the temperature T , T b is the burned temperature given by T b = T i + q, T i is the initial temperature, q the adiabatic heat release. E is the activation energy assumed to be large, Z is the Zeldovich number, R 0 is the universal gas constant and k 0 the preexponential factor, δ is defined by δ = R 0 T b /E, R is the Rayleigh number and P the Prandtl number that are defined by R = gβqκ 2 /νc 3 1 and P = ν/κ, ν the coefficient of kinematic viscosity, κ the coefficient of thermal diffusivity, g the gravity acceleration, µ = 2κσ/c 2 1 where c 1 = c/ √ 2, c gives the velocity of the stationary front in the limit of large Zeldovich number [5] , λ and σ are respectively the amplitude and the frequency of the vibrations. Here β denotes the coefficient of thermal expansion, γ is the unit vector in the vertical direction (upward). Finally, ∇ and ∆ denote the standard differential operators.
If the medium is at rest, that is v = 0, then there exists a stationary propagating front with the velocity and temperature distribution that can be found asymptotically for large values of the Zeldovich number [1, 3, 4] . In the case of the zero order reaction we have:
Approximation of infinitely narrow reaction zone, interface problem
To study analytically this problem we reduce it to a singular perturbation problem where the reaction zone is supposed to be infinitely narrow and the reaction term is neglected outside the reaction zone (Zeldovich-Frank Kamanetsky method [7] ). To complete the problem some nonlinear jump conditions at the reaction zone are needed. This is a common approach for combustion problems [2, 3, 4, 6]. We perform a formal asymptotic analysis with = 1/Z taken as a small parameter and we obtain the following closed interface problem for z > ζ (in the unburnt medium) and for z < ζ (in the burnt medium) where ζ(x, y, t) denotes the location of the reaction zone:
We finally complete this system by the following jump conditions at the interface z = ζ:
The above free boundary problem is completed with the following conditions at infinity
The closed problem (3.1)-(3.9) will be called the interface problem. In order to predict the influence of vibrations on the stability of the reaction front we have to solve this problem. To do so we use the asymtotic analysis theory in the next section.
Linear stability analysis
In this section we perform the linear stability analysis of the steady-state solution for the interface problem (3.1)-(3.9), this problem has a travelling wave solution:
where u is the speed of the reaction front. This solution will be referred to as a basic solution. It is a stationary solution of (3.1)-(3.9) written in the moving coordinates. We seek the solution the following perturbed form: θ = θ s +θ, p = p s +p, v = v s +ṽ whereθ,p andṽ are respectively small perturbation of temperature, pressure and velocity. Here θ s , p s and v s are given by the basic solution. We substitute in (3.1)-(3.9), we obtain for the first-order terms:
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with ξ = ζ − ut, let us denote (θ,ṽ z ) = (θ 1 ,v z1 ) for z 2 < ξ and (θ,ṽ z ) = (θ 2 ,v z2 ) for z 2 < ξ, and consider the perturbations in the form:
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k i , i = 1, 2 and 1 are respectively the wave numbers (in x and y directions) and the amplitude of the perturbation, j 2 = −1 and w is the frequency. Taking into account that:
we linearize the jump conditions (3.5)-(3.9) and we substitute the equations (4.5) in the resulting linearization, Up to the higher order Terms we obtain the following relations:
In order to find the perturbation terms we apply the transformation rot rot to equations (4.3). This allows us to eliminate the pressure and to consider only the velocity component v z . Equations (4.3) become
Substituting (4.1), (4.5) into (4.2) and (4.8), we can have two systems according to z 2 < ξ and z 2 > ξ :
with the above jump conditions (4.6)-(4.7). The problem (4.9)-(4.11) subject to the jump conditions (4.6)-(4.7) is an eigenvalue problem with time-dependencies coefficients. We solve it numerically by using the finite-difference approximation with implicit scheme except for the boundary condition where the velocity v is taken from the previous time step (see [1] ), and find the stability boundary. Figure 1 shows the profiles of the perturbed temperature and velocity for R = 45, Z = 8, k = 1.785, P = 0.5 and λ = 0 which means that there is no influence of vibrations, we obtain the same result as in [3] (considered as a limiting model of the present one when λ → 0). For fixed Z and P we vary R. If the Rayleigh number R is less than a critical value R cr , then the solution decreasing in time (Figure 2 ). If R > R cr , it increases, and for R = R cr it is periodic in time. Figure 3 shows the critical value of the Rayleigh number as a function of the amplitude of vibrations for different frequencies. If λ = 0, we obtain the same value (R cr ≈ 27,k = 0.7) as for the case without vibrations [3] . For small positive λ vibrations stabilize the solution: R cr is an increasing function. For larger λ there appears a decreasing branch of the stability boundary. It corresponds to a parametric instability where vibrations with high amplitude destabilize the front. In Figure 4 we draw the critical Rayleigh number as a function of wave number for Z = 8, P = 0.5, λ = 0 (solid line, without vibrations) λ = 5 (dotted line with vibrations) and ν = 10. This shows that the vibrations stabilize the ascending fronts. In this work we have studied the influence of vibrations on the convective instability of a polymerization front with a liquid monomer and a liquid polymer. We have shown that vibrations can change the onset of convection. We note finally that the case where the polymer is liquid is essentially different from the case of a solid polymer considered in [1, 2] . The most essential difference is that the convective instability exists for descending fronts also (see [3] ). The influence of vibrations on the descending fronts is under study as a continuation of this work. 
Numerical results and discussion

